Self-power supply is a promising project in various applied conditions. Among this research area, piezoelectric material-based energy harvesting (EH) method has been researched in recent years due to its advantages. With the limitation of energy form acceptance range of EH circuit system, a sum of energy is not accessible to be obtained. To enlarge the EH quantity from the vibration, an enhanced piezoelectric vibration EH structure with piezoelectric film is developed in this work. Piezoelectric-based energy harvesting mechanism is primarily proposed in this work. The special-designed electric circuit for EH from macro fiber composite (MFC) is proposed and then analyzed. When the structure vibrates in its modes of frequencies, the experiments are developed to measure the EH effect. The energy harvested from the vibrating structure is analyzed and the enhanced effect is presented. The results indicate that, with the enhanced EH structure in this work, vibration energy from structure is obtained in a larger range, and the general EH quantity is enlarged.
Introduction
Vibration on structures occasionally plays a negative role because of its disadvantages. As a solution, vibration control has been used to overcome the disadvantages [1, 2] . Generally, active control, containing sensing, signal processing, and actuating module [2] [3] [4] [5] , is a major vibration control method. All of the above-mentioned modules in the vibration control system require electric power as necessity. In some applied conditions, power supply tends to be costly and hard to achieve [6, 7] . Hence, self-power supply becomes an ideal solution. Recently, vibration energy harvesting technology, both acting as the function of energy harvesting (EH) and decreasing the vibration amplitude, has attracted research attention. With electromechanical EH methods like voice coil, smart materials, and other methods, energy is captured and then supplied to load such as wireless sensors and microelectromechanical systems (MEMS) [5, [8] [9] [10] . The captured electric energy is adjusted and further processed for load before use [11] .
Among the various EH methods, piezoelectric energy vibration harvesting is widely studied. Compared with other methods, piezoelectric material occupies less space. Piezoelectric materials are widely used to harvest the mechanical energy for the long term and low power electric loads [12] [13] [14] . As the energy quantity requirement is as small as mW magnitude or even smaller, the piezoelectric materials are seen as ideal harvesters. Wideband energy harvesting technologies are presented to increase the energy obtaining efficiency [15] [16] [17] [18] . With the wider acceptance range (vibration frequency and amplitude), the energy harvesting quantity is enlarged, and the EH ability is increased. Besides linear system, the nonlinear vibration based EH is analyzed and the effects of EH are also presented [11, [19] [20] [21] . Besides, wireless systems offer great flexibility, increased reliability, and reduced costs compared with a wired infrastructure. The majority of sensor nodes are reliant on battery, which will require periodical replacement, and are therefore not consistent with the concept of a permanent fully embedded system. A vibration energy harvesting based wireless power autonomous supply system with piezoelectric material is presented to solve this problem [22] . In this work, the piezoelectric material macro fiber composite (MFC) is used to harvest vibration energy. To enlarge the EH ability, an enhanced electric circuit is presented after MFC to adjust the captured AC electric energy. The experimental results indicate that with the enhanced electric circuit design the vibration energy self-supply ratio (VESR) is increased.
The rest of the paper is organized as follows. The energy harvesting mechanism is analyzed in Section 2. The experiment procedures are presented in Section 3. The energy harvesting ability is analyzed and discussed in Section 4. The conclusion is finally given in Section 5.
Energy Harvesting Mechanism
The electromechanical properties of the MFC-based energy harvesting system are analyzed in this section. The electromechanical effect of EH system is firstly presented, and then the captured energy is predicted in various conditions. The enhanced electric circuit is discussed and designed to enlarge the EH range. Figure 1 is the block diagram of active vibration control system with energy harvesting system in this work, while the bold line-connected parts are the focuses presented in this work.
Electromechanical Properties of MFC-Cantilever Beam
Structure. The electromechanical properties on this experiment are the premise of energy harvesting in this work. A cantilever beam with MFC is presented for this experiment.
According to the elastic assumption and piezoelectric theory, the electromechanical properties of MFC are simplified as 
where is the strain, is the elastic flexibility of MFC, is the stress, is the piezoelectric strain constant, and is the electric field intensity, respectively. The electric displacement of the MFC is simplified as
According to the definition of electric displacement, the can also be described as
where is the electric charge, is the electrode area of MFC, is the voltage on MFC, and ℎ is a geometry constant of MFC, respectively.
In elastic deformation range of beam and MFC and with (1)- (3), the induced voltage is described as
where is the real-time open circuit voltage, ℎ MFC is an electromechanical constant of the MFC-beam coupled structure, MFC is the capacitance of MFC, and av is the applied average strain of the energy harvesting MFC attached area, respectively.
Real-time energy on MFC can be calculated as
where is the power output in one cycle. For power outputted from energy harvesting MFC, the frequency of vibration is
where and are the power output from MFC and frequency of vibration, respectively.
Then the power output from MFC can be calculated as 
Enhanced Energy Harvesting Circuit Design.
Energy is harvested from the vibrating beam with the initial form of AC electric power. The general schematic diagram of the enhanced EH circuit is presented in Figure 2 . Real-time voltage varies as the vibration amplitude changes. A fullbridge rectifier and stabilization capacitance are employed after MFC. DC voltage from the full-bridge rectified circuit and capacitance is still not fit for use because its amplitude is not stable and not fit for the requirement as Modulator circuit the vibration alters. Commercial DC-DC converter enlarges the input DC voltage range in some way and outputs stable DC voltage with a certain value. When structure vibrates in smaller or larger scale, the induced is lower or higher than the input range of the commercial DC-DC converter. Thus, a circuit with the function of adjusting DC voltage is necessary. In Figure 2 , 1− 4 is the full-bridge rectifier. is the filtering capacitance. is the switching transistor, which is controlled by a modulator circuit. The control signal is from the sensing MFC beside the energy harvesting MFC. When = 0 , is on. Then power is supplied to inductance . When = 1 , is off. The current keeps on because the inductance restores energy. After one cycle, is on again. Then a new cycle starts. When the procedure is stable, it is known from inductance that
where is the real-time voltage on inductance ; is the cycle of modulator circuit.
According to the stable condition in one cycle, it is known that on = off .
Then the output voltage can be calculated as
where is the average open circuit voltage of output, on is the on-time of , and off is the off-time of a cycle.
It is known from (10) that when on is larger than off , the voltage is boosted. When on is smaller than off , is bucked. This rate is controlled by SCM according to the sensing signals from sensing MFC. Based on the experiment reliability, on / off is set in the range of 1/4∼4 in this work.
Schematic Explanation of Enhanced Circuit Design.
The enhanced EH circuit converts the electric power from abandoned forms to accessible forms. It widens the energy harvesting range with wideband frequency of vibration and larger vibration amplitude range. This circuit enlarges the energy harvesting ability. Figure 3 presents the function of the enhanced circuit design. When DC voltage from rectifier is off from the acceptance range of DC-DC converter, harvested energy is abandoned, as seen from the region above plane 1 and below plane 2 in Figure 3 . With enhanced circuit design, the accessible range is enlarged. Plane 1 rises to plane 1 and plane 2 drops to plane 2 . Then larger energy forms become accessible.
Experiments
In this work, experiments are primarily developed to obtain the electromechanical properties of the MFC-beam system. The enhanced EH circuit is then tested to adjust the DC voltage value from MFC.
Experiment System.
The energy harvesting system is a part of the active vibration control system. Figure 4 is the active vibration control system with EH work presented in this work. Dynamic signal is generated from the signal source, which is then sent to the piezoelectric material driver. The driver outputs the driving voltage to the actuating MFC and makes the structure vibrate. The vibration amplitude and frequency are tested by the laser sensing system. The EH MFC captures the vibration energy and converts it to AC electric voltage form. The enhanced EH circuit converts the electric power form and adjusts the voltage value mentioned in Section 2.2. The control signal is from the sensing MFC. Figure 5 reflects the electromechanical properties of the EH structure. Figure 5 (a) is the relationship between the displacement on laser sensing point and the applied average strain of the EH region. It is clear from Figure 5 (a) that in 0-3.2 mm, applied average strain of the EH region is proportional to the displacement of the sensing point. Figure 5(b) is the charge output-strain curve from MFC.
Electromechanical Properties of EH Structure.

Measurement of Electric Output.
A real-time waveform of MFC output and displacement is given in Figure 6 . Since the oscilloscope is straightly connected with EH MFC to observe the output waveform, the real open circuit voltage generated from EH MFC (seen from Figure 6 ) is not the same as the data measured by oscilloscope. The real voltage value is calculated according to the impedance rate of oscilloscope and EH MFC at the vibration frequency. The ratio of the measured value and the real value (at 8.3 Hz) is calculated as
where mea is the measured voltage value of oscilloscope, osc is the impedance of oscilloscope at 8. As piezoelectric materials show capacitive property, the real-time voltage value on MFC is also calculated as where is the charge value on the EH MFC. To smooth the DC waveform and restore energy, a capacitance is connected behind the rectifier.
= 10 F is adopted in this experiment. DC voltage increases as approximately 2.2 V/s on capacitance as the 8.30 Hz vibrating amplitude is 3.2 mm on sensing edge. Figure 8 is the DC waveform from the enhanced circuit design output at different on / off conditions. The output DC voltage is able to be increased or decreased by raising or decreasing the duty ratio ( on / off ) of the control signal. When Step-up waveform
Original waveform
Step-down waveform 
Energy Harvesting Ability Analysis
The vibration energy self-supply ratio (VESR) is defined to describe the energy harvesting ability. In this discussion, the load value is defined as 2 mW. When harvested energy is surplus, the extra part will be restored (VESR > 1). The vibrating energy may just be sufficient for supplying the load (VESR = 1). When vibration energy harvesting quantity is not sufficient for load, VESR is necessary to explain the EH efficiency (VESR < 1).
The VESR is defined as
where is VESR of EH power supply and is the power requirement of the signal processing circuit, respectively. When the harvested energy is surplus, the extra energy is restored on EH capacitance ( > 1). When = 1, the EH energy is just sufficient for load. The adjusted energy becomes a part of the power for load when < 1. In this analysis, the two resonance frequencies mentioned in Section 2.1 are used to discuss the energy harvesting effect. Since surplus energy is restored in EH capacitance, the analysis just focuses on the situation of ≤ 1. Figure 9 Figure 10 reflects the effect of the enhanced EH circuit in different vibration frequencies. EH ability is enlarged with the enhanced circuit design: area between the accessible upper limit and the accessible lower limit is enlarged in different vibration frequencies. Figure 11 reflects this relationship between the power output and the impedance ratio of EH system and the load when the vibration is at 2 resonant frequencies. It is seen from Figure 11 that when the load impedance value is the same as the EH system, the energy output reaches the maximum value.
Conclusion
In this work, an enhanced vibration energy harvesting system with MFC is presented. The electromechanical coupling properties and function of enhanced EH circuit have been analyzed. Experiments are developed to test the electric output of the EH system. The experimental result proves that the enhanced circuit design is able to step up and step down the DC voltage in wide frequency range. This work helps harvest more vibration energy. The relationship between power and load impedance is provided for optimizing the circuit impedance as load varies. With the experimental EH method presented in this work, the piezoelectric-based energy harvesting ability is increased. 
